A new lysyl endopeptidase producing strain, Lysobacter sp. IB-9374, was isolated from soil. This strain secreted the endopeptidase to culture medium at 6^12-fold higher levels relative to Achromobacter lyticus and Lysobacter enzymogenes. The mature Lysobacter sp. enzyme was enzymatically identical to Achromobacter lysyl endopeptidase bearing lysyl bond specificity, a high peptidase activity, a wide pH optimum, and stability against denaturants. Nucleotide sequence analysis of the Lysobacter sp. lysyl endopeptidase gene revealed that the enzyme is synthesized as a precursor protein consisting of signal peptide (20 amino acids (aa)), pro-peptide (185 aa), mature enzyme (268 aa), and C-terminal extension peptide (198 aa). The deduced amino acid sequence of the mature enzyme was totally identical to that of the Achromobacter enzyme. The Lysobacter sp. precursor protein has an 18-aa longer peptide chain following nine consecutive amino acid residues distinct from the Achromobacter counterpart at the C-terminus. Total precursor protein is 671 aa of which only 268 aa are in the finally processed exoenzyme. ß 2002 Published by Elsevier Science B.V. on behalf of the Federation of European Microbiological Societies.
Introduction
Three lysyl endopeptidases (EC 3.4.21.50) which are produced by Achromobacter lyticus M497-1 [1] , Lysobacter enzymogenes [2] , and Pseudomonas aeruginosa [3] have ever been reported. Achromobacter lysyl endopeptidase (A-LEP, formerly known as Achromobacter protease I) isolated by Masaki et al. has been exclusively studied and its enzymatic and chemical properties are well characterized [1,4^15] . A-LEP consists of a single polypeptide chain of 268 amino acid (aa) residues [15] which is synthesized as a precursor placed signal peptide (20 aa), pro-peptide (185 aa), mature enzyme, and an extension peptide (180 aa) from the N-to C-terminus [12] . The amino acid sequence homology is as low as 20% between A-LEP and bovine trypsin, but the bacterial enzyme is assigned to the trypsin family based on the same arrangement of all three catalytic triad amino acids and Asp225 responsible for the lysine speci¢city in the S1-pocket [10, 14, 15] . A-LEP is distinct from bovine trypsin in 10-fold higher activity than trypsin [4] , a broad optimal pH range (pH 8.5^10.5) [8] , and stability against 4 M urea and 0.1% sodium dodecyl sulfate (SDS) [5] . These particular enzymatic properties make A-LEP a useful tool for the initial fragmentation of polypeptide chains in protein sequence analysis [16, 17] , peptide bond synthesis [18, 19] , and the processing of fusion proteins to biologically active peptides [20] .
The lysyl endopeptidase gene was also cloned from L. enzymaogenes ATCC 29487 (Le-LEP, accession number D23664) and its deduced amino acid sequence was identical to that of the A-LEP gene except three residues in the pro-peptide region, indicating that A-LEP and Le-LEP are the same. Both A-LEP and Le-LEP are commercially available, but the productivity of the enzyme in their strains was very low. Using recombinant DNA technique [12] , attempts have been made to establish a high expression system for the A-LEP gene, but the system is as yet unavailable.
To establish an e⁄cient large-scale preparation system for this useful enzyme, we have searched for a new highly productive bacterial strain for lysyl endopeptidase. Consequently, in our screening over 30 000 microbial strains, Lysobacter sp. IB-9374 secreting a high lysyl endopeptidase activity was isolated. In this paper, we describe the puri¢cation and characterization of the Lysobacter sp. lysyl endopeptidase (Ls-LEP) and the analysis of its cloned gene.
Materials and methods

Materials
N-Benzoyl-DL-lysine-p-nitroanilide (Bz-Lys-pNA) was purchased from Wako Pure Chemical Industries, Osaka,
, and amyloid L-protein (human, 1^40) were from Peptide Institute, Inc., Osaka, Japan. N-Benzoyl-L-lysine-methyl ester (Bz-Lys-OMe), N-acetyl-L-lysine-p-nitroanilide (AcLys-pNA), L-arginine-p-nitroanilide (Arg-pNA), N-acetyl-L-leucine-p-nitroanilide (Ac-Leu-pNA), and N-acetyl-Lphenylalanine-p-nitroanilide (Ac-Phe-pNA) were from Bachem AG, Switzerland. N-Benzoyl-L-ornithine-p-nitroanilide (Bz-Orn-pNA) and tertiary-butoxycarbonyl-L-histidine-p-nitroanilide (Boc-His-pNA) were from Vega Biochemicals, AZ, USA. L-Lysine-p-nitroanilide (Lys-pNA) was from Merck KGa, Darmstadt, Germany. Insulin chain B oxidized (bovine, free acid) was from Sigma^Al-drich Co., St. Louis, MO, USA. N-Tosyl-L-lysine chloromethyl ketone (Tos-LysCH 2 Cl), and N-tosyl-L-phenylalanine chloromethyl ketone (Tos-PheCH 2 Cl) were from Boehringer Mannheim, Mannheim, Germany. N-Tosyl-Larginine chloromethyl ketone (Tos-ArgCH 2 Cl) was kindly supplied by Shionogi Research Laboratory, Osaka, Japan. Soybean trypsin inhibitor (STI) was from Worthington Biochemical Co., NJ, USA. CM-Toyopearl 650M was from Tosoh Co., Tokyo, Japan. DEAE-cellulose SH was from Nakarai tesque Inc., Kyoto, Japan. AH-Sepharose 4B and electrophoresis calibration kit for molecular mass determination were from Amersham Pharmacia Biotech AB, Uppsala, Sweden. STI-Sepharose 4B was prepared by the method of Cuatrecases et al. [21] . Other chemicals used were of reagent grade.
Screening of lysyl endopeptidase producing strain
To isolate bacteria that produce lysyl endopeptidase, soil samples were spread over 2% agar plates (pH 7.2) containing 1% pepsin-digested wheat gluten (Glurich, Chiba Flour Milling Co., Chiba, Japan) as a sole carbon and energy source. After incubation for 2^3 days at 30 ‡C, colonies that formed clear zones were isolated and then each organism was cultivated in a medium A composed of 0.5% casein from milk (Nakarai tesque), 1% sucrose, 1% beef extract (Difco), 0.01% KH 2 PO 4 , 0.01% K 2 HPO 4 , and 0.01% MgSO 4 at 30 ‡C for 24 h with reciprocal shaking. The culture broths were centrifuged to remove cells and the supernatants were tested for the Bz-Lys-pNA-hydrolyzing activity. A bacterium from the soil of the experimental farm in our University showed the highest amidolytic activity and was chosen as a lysyl endopeptidase producer. This strain was identi¢ed as Lysobacter sp. from physiological characters and 16S rDNA sequence. We designate this strain as Lysobacter sp. IB-9374, which is maintained at Patent Microorganism Depository, National Institute of Bioscience and Human Technology, Tsukuba, Japan, under accession number FERM P-16928. [24] , plasmid vectors pUC118 (Ap r ) [25] , and pGEM T-vector (Ap r ; obtained from Promega Co., Madison, WI, USA) were used for a construction of the genomic DNA library of Lysobacter sp. IB-9374, for subcloning, and for construction of genespeci¢c probe, respectively.
Enzyme and protein assays
The amidolytic activities of lysyl endopeptidases were measured using Bz-Lys-pNA. The assay mixture (1.45 ml) contained 180 mM Tris^HCl bu¡er (pH 9.2) and 0.25 mM Bz-Lys-pNA was incubated at 30 ‡C for 5 min. The reaction was initiated by addition of 50 Wl of appropriately diluted enzyme solution. After incubation for 5 min at 30 ‡C, the reaction was terminated by adding 0.25 ml of 45% (v/v) acetic acid, and the optical density at 405 nm was measured with an extinction coe⁄cient of 9620 M 31 cm 31 for the p-nitroaniline [26] . The esterolytic activity was measured using Tos-Lys-OMe. The reaction was started by adding 0.1 ml of the enzyme solution to 2.9 ml of a solution containing 41 mM Tris^HCl bu¡er (pH 8.0) and 0.35 mM Tos-Lys-OMe. The initial rate was estimated by measuring the optical density at 247 nm at 30 ‡C for 5 min. A di¡erence in the extinction coe⁄cient of 960 M 31 cm 31 [27] was used. The caseinolytic activity was measured at 40 ‡C with 0.7% denatured casein in 50 mM Tris^HCl bu¡er (pH 9.0) [28] . One unit of amidolytic activity was de¢ned as the amount of the enzyme that hydrolyzed 1 Wmol substrate in 1 min at 30 ‡C. To determine the kinetic constants, hydrolysis of anilide and ester substrates was carried out by the standard assay procedures described above. The values of K m and k cat were calculated from Lineweaver^Burk plots with ¢ve or six substrate concentrations. For the calculation of k cat , the molecular mass of Ls-LEP, 28 kDa, was used. Protein concentration was estimated by the optical density at 280 nm in di¡erent stages of the puri¢cation procedure. In the puri¢ed enzyme preparation, the protein concentration was estimated spectrophotometrically at 280 nm assuming the speci¢c extinction coe⁄cient to be E 1% 1 cm = 18.77 [8] .
Puri¢cation of Ls-LEP
Lysobacter sp. cells were grown aerobically on the medium A at 30 ‡C for 225 h. The cells were removed by centrifugation at 31 000Ug for 10 min, and the supernatant (9.8 l) was used as the starting material for the enzyme puri¢cation. All operations of the puri¢cation procedure were done at 4 ‡C unless otherwise noted. The Ls-LEP was puri¢ed by the method described previously [13] except that ammonium sulfate fractionation and STISepharose 4B a⁄nity chromatography were newly employed instead of acetone fractionation and isoelectric focusing, respectively. The supernatant was brought to 50% saturation with ammonium sulfate and after stirring at 4 ‡C overnight, the suspension was centrifuged at 31 000Ug for 10 min. The supernatant was treated with additional ammonium sulfate until 90% saturation was achieved. The resulting precipitate was removed by centrifugation and dissolved in 1 l of 10 mM Tris^HCl, pH 7.0, and dialyzed against the same bu¡er. The dialyzed solution was mixed with CM-Toyopearl 650M (530 g) and the suspension was ¢ltrated through a glass ¢lter (26G-3). The ¢ltrate was concentrated with an ultra¢lter membrane (Amicon PM-10) and dialyzed against 10 mM Tris^HCl, pH 8.0. The solution was mixed with DEAE-cellulose SH (475 g) and the suspension was ¢ltrated through the glass ¢lter. The ¢ltrate was concentrated, dialyzed against 2 mM Tris^HCl, pH 8.0, and applied to AH-Sepharose 4B (4.0U18.0 cm). The enzyme was eluted with a linear gradient of 0^1.0 M NaCl in 2 mM Tris^HCl, pH 8.0. The active protease fractions were collected, dialyzed against 50 mM Tris^HCl, pH 8.0, and concentrated by ultra¢ltra-tion. The concentrated solution was divided into two parts and processed separately by STI-Sepharose 4B a⁄nity column (3.2U6.0 cm). The adsorbed protein was eluted with 50 mM glycine^HCl, pH 4.5, and the eluate was immediately neutralized with 1 M Tris^HCl, pH 8.0. The active fraction was collected, dialyzed against 2 mM Tris^HCl, pH 8.0, and concentrated by ultra¢ltration. After gel ¢l-tration on Sephadex G-50 (2.0U92.0 cm) using 2 mM Tris^HCl, pH 8.0, containing 0.1 M NaCl, the active fractions were collected, dialyzed against the same bu¡er, concentrated to 10 ml, and stored at 315 ‡C until use.
DNA manipulation
DNA manipulation was performed according to the methods described by Sambrook et al. [23] . For Southern and colony hybridizations, Hybond-N þ nylon membrane ¢lters (Amersham Pharmacia Biotech AB) were used according to the manufacturer's instructions. Hybridization of an alkaline phosphatase-labeled probe with the immobilized DNA fragments was carried out in an AlkPhos Direct hybridization bu¡er (Amersham Pharmacia Biotech AB) for 16 h at 60 ‡C. The signals on the membrane ¢lter were detected by the addition of NBT/BCIP color detection reagents (Amersham Pharmacia Biotech AB) according to the manufacturer's instructions.
16S rDNA sequence analysis
PCR was done with a total volume of 50 Wl, which contained 5 Wl of 10U Taq DNA polymerase bu¡er, 1.5 mM MgCl 2 , four deoxynucleoside triphosphates each at 200 WM, 500 ng of genomic DNA, 50 pmol of primers, and 2.5 U of AmpliTaq DNA polymerase (Perkin-Elmer Japan Co.). DNA ampli¢cation was done for 30 cycles under the following conditions: denaturation, 94 ‡C for 45 s; primer annealing, 55 ‡C for 60 s; and extension, 72 ‡C for 90 s. The 16S rDNA was selectively ampli¢ed using the following primers: E15-F, 5P-GATCATGGCT-CAGATTGAAC-3P (positions 15^34 E. coli 16S rDNA numbering) and E-1456R, 5P-TCCCGAAGGTTAAGC-TACCT-3P (positions 1456^1437). [12, 15] , respectively. The reaction mixture contained 5 Wl of 10U Taq DNA polymerase bu¡er, 1.5 mM MgCl 2 , four deoxynucleoside triphosphates each at 200 WM, 500 ng of genomic DNA, 200 pmol of primers F1 and R1, and 1.25 U of AmpliTaq Gold DNA polymerase (Perkin-Elmer Japan Co.) in a ¢nal volume of 50 Wl. DNA ampli¢cation was performed in a temperature cycler (Thermal Cycler Personal; Takara shuzo Co., Kyoto, Japan), after incubation for 9 min at 95 ‡C, for 40 cycles consisting of a denaturation step for 1 min at 94 ‡C, an annealing step for 1 min at 45 ‡C, and an elongation step for 1 min at 72 ‡C. The ampli¢ed 536-bp DNA fragment was inserted into a pGEM T-vector and was sequenced. After con¢rming that the PCR fragment encoded a part of Ls-LEP (aa 6^184), the speci¢c probe was prepared by AlkPhos Direct labeling reagents (Amersham Pharmacia Biotech AB) using this PCR fragment.
For the construction of a genomic DNA library of Lysobacter sp. IB-9374, the total DNA of the organism was partially digested with BamHI and then, without size fractionation, the BamHI fragments generated were ligated into BamHI-digested Lorist 6 cosmid vector. After in vitro packaging in bacteriophage V (Promega Co.), these recombinant phages were used to infect E. coli DH5KMCR as instructed by the manufacturer. Subsequently, the E. coli cells were plated on LB plates containing 25 Wg ml 31 Nm. Colony lifts were hybridized with the constructed probe and colonies showing the strongest signals were selected for further studies.
Nucleotide sequence analysis
Nucleotide sequences of the Ls-LEP and the 16S rDNA genes were determined on both strands by the dideoxychain termination method of Sanger et al. [29] using the Applied Biosystems model 373A automated DNA sequencer (Perkin-Elmer Japan Co.). The DNA sequence and the deduced amino acid sequence were examined with sequence analysis programs of GENETYX software (Software Development Co., Tokyo, Japan). Homology searches in databases were carried out with a BLAST program [30] .
Nucleotide sequence accession number
The nucleotide sequence data for the Ls-LEP gene and 16S rDNA are available from the DDBJ, EMBL, and GenBank nucleotide sequence databases under accession numbers AB045676 and AB083480, respectively.
Results
Isolation of the lysyl endopeptidase producer strain
Of more than 30 000 strains of microorganisms from soils, 1161 strains were isolated that formed clear zones on plates of agar medium containing 1% pepsin-digested gluten. Each isolate was cultivated aerobically on medium A at 30 ‡C for 24 h and assayed with Bz-Lys-pNA for the amidolytic activity in the culture supernatant. Consequently, a bacterium that showed the highest amidolytic activity was chosen as a most potent lysyl endopeptidase producer.
The isolate, strain IB-9374, was of a rod with dimensions of 0.7^0.8U2.0^3.0 Wm without £agella. It was aerobic, Gram-negative, non-spore-forming, catalase-positive, and oxidase-positive, and showed oxidative growth in the oxidation^fermentation test with glucose. The nucleotide sequence of a 16S rDNA of strain IB-9374 was 99.9% identical with L. enzymogenes ATCC 29487 (accession number AJ298291), 99.8% with Lysobacter sp. C3 (accession number AY074793), and 97.6% with L. antibioticus ATCC 29489 (accession number AB019582), respectively. On the basis of these results, strain IB-9374 was identi¢ed as a member of the genus Lysobacter.
Production of Bz-Lys-pNA-hydrolyzing enzyme
To compare the productivity of the Bz-Lys-pNA-hydrolyzing enzyme from Lysobacter sp. IB-9374, A. lyticus [1] , and L. enzymogenes [2] , amidolytic activities in the culture supernatants during growth in medium A were measured. The Lysobacter sp. strain produced the Bz-Lys-pNA-hydrolyzing enzyme in the medium from the stationary phase of growth (Fig. 1) and the amidolytic activity in the culture broth reached a maximal level of 0.183 þ 0.020 U (ml culture) 31 (mean þ S.D. of three experiments) after 225 h (9.4 days) of cultivation. This was exhibiting 6-and 12-fold higher production levels than in the case of A. lyticus (0.032 þ 0.003 U (ml culture) 31 ) and L. enzymogenes (0.015 þ 0.002 U (ml culture) 31 ), respectively. These results suggested that the newly isolated bacterium, Lysobacter sp. IB-9374, was a highly productive strain for a Bz-Lys- a The enzyme activities were assayed using Bz-Lys-pNA as the substrate and are expressed as micromoles of pNA released per minute.
pNA-hydrolyzing enzyme, later designated Lysobacter sp. lysyl endopeptidase (Ls-LEP).
Puri¢cation and protein sequence analysis of Ls-LEP
A typical puri¢cation procedure of Ls-LEP from the culture supernatant of Lysobacter sp. IB-9374 is summarized in Table 1 . The enzyme was puri¢ed through a series of six steps to a high speci¢c activity (949-fold) in a 63% yield. The puri¢ed protein exhibited a single band in SDSp olyacrylamide gel electrophoresis (SDS^PAGE (Fig. 2) ) and the speci¢c activity of Ls-LEP with Bz-Lys-pNA was 5.6 U (mg protein) 31 , as high as that of A-LEP (5.1 U (mg protein) 31 ) [13] . The amount of pure Ls-LEP thus obtained was approximately 110 mg from 10 l of culture broth and about six-fold higher than that from A. lyticus (19 mg) [13] . The molecular mass of the enzyme was estimated to be 31 kDa (SDS^PAGE (Fig. 2) ) and 27 kDa (gel ¢ltration) and the precise mass measured by ion-spray mass spectrometry was 27 849.59 Da. The isoelectric point was 6.8 (isoelectric focusing). The amino-terminal sequence up to residue 42 of the enzyme was determined by direct sequencing as 1-GVSGSXNIDVVXPEGDGRR-DIIRAVGAYSKSGTLAXTGSLVN-42, which is identical to the amino acid sequences of A-LEP and Le-LEP. The unidenti¢ed residues 6, 12, and 36 were subsequently deduced as cysteine from the DNA sequence.
Enzymatic properties
The optimum pH values for caseinolytic, amidolytic, and esterolytic activities of the enzyme were 8.5^10.5, 9.0^9.6, and 8.0^8.5, respectively. The enzyme was stable at 4 ‡C for 24 h at pH 4.0^10.5 and up to 45 ‡C for 30 min at pH 8.0. The optimum temperature of the enzyme with Bz-Lys-pNA was 50 ‡C, but the amidolytic activity was completely lost above 60 ‡C.
The amidolytic activity was inhibited by 1 mM Zn 2þ and Ba 2þ , reducing the activity by 34% and 24%, respectively, but not by 1 mM Ca þ , Mg 2þ , Mn 2þ , Cd 2þ , Ni 2þ , or Sr 2þ , or 0.1 mM Hg 2þ . Tos-LysCH 2 Cl (0.1 mM), 10 mM diisopropyl £uorophosphate, and 2 mM phenylmethanesulfonyl £uoride inhibited the amidolytic activity almost completely, while 1 mM EDTA, 1 mM o-phenanthroline, 1 mM N-ethylmaleimide, 10 mM monoiodoacetic acid, 0.1 mM p-chloromercuribenzoic acid, 1 mM cysteine, 1 mM 2-mercaptoethanol, or 0.1 mM Tos-ArgCH 2 Cl had little or no inhibitory e¡ect. The amidolytic activity was una¡ected by 4 M urea or 0.1% SDS in 40 mM TrisĤ Cl bu¡er (pH 8.0), for 30 min at 30 ‡C. The Ls-LEP hydrolyzed Bz-Lys-OMe, Tos-Lys-OMe, Ac-Lys-pNA, Bz-Lys-pNA, Lys-pNA, and Bz-Orn-OMe, although Bz-Arg-pNA, Arg-pNA, Suc-Ala-pNA, BocHis-pNA, Ac-Phe-pNA, Bz-Tyr-pNA, and Ac-Leu-pNA were insensitive substrates. The speci¢city constants (k cat / Fig. 2 . SDS^12.5% PAGE of the puri¢ed Ls-LEP. Lane 2, 13 Wg of the puri¢ed Ls-LEP; lane 1, the standard molecular mass markers. Numbers on the left show the molecular mass. K m ) for ester and amide substrates were 29 000 mM 31 s
31
for Bz-Lys-OMe, 14 600 for Tos-Lys-OMe, 115 for AcLys-pNA, and 42 for Bz-Lys-pNA, respectively. The enzyme hydrolyzed Bz-Orn-OMe more slowly (13 mM 31 s 31 ) and Lys-pNA much more slowly (1 mM 31 s 31 ) than Bz-Lys-OMe. In oxidized insulin chain B, glucagon, and amyloid L-protein, only the Lys-X bond was hydrolyzed (Table 2) .
Cloning and nucleotide sequencing of the Ls-LEP gene
Screening of ca. 600 colonies for colony hybridization with the gene-speci¢c probe yielded two positive clones. Restriction endonuclease analysis of the two cosmids revealed that both insert DNAs were composed of 13-, 12-, 7-, 6-, and 1.6-kb BamHI fragments. Furthermore, the 536-bp fragment was ampli¢ed by PCR using primers F1, R1 and the 12-kb BamHI fragment as a template, corresponding to the analysis of genomic Southern hybridization with the probe (data not shown). Therefore, the 5.5-kb BamHI^PstI and 8-kb BamHI^SphI fragments derived from the 12-kb BamHI fragment were subcloned into pUC118 and the resulting plasmids, pLBP5 and pLBS8, were used as a temperate for the sequencing of the Ls-LEP gene (Fig. 3) .
The sequencing of the two strands in the cloned Ls-LEP gene revealed an open reading frame of 2013 nucleotides long (accession number AB045676). Two possible promoter sequences and a potential stem-loop structure followed by a run of T residues were detected in the upstream and downstream regions of the open reading frame, respectively. Furthermore, a highly homologous sequence (GGAG) with the E. coli ribosome-binding site [31] existed in seven nucleotides upstream from the initiation codon. The G+C content in the coding region was 68% and in the range of Lysobacter genomic DNA G+C content (657 0%) [32] . The open reading frame encodes a protein of 671 aa including the N-terminus of native Ls-LEP. The deduced amino acid sequence of the Ls-LEP gene exhibits 98% identity with that of the A-LEP gene [12] . The sequence of 525 residues from Met1 to Tyr525 of Ls-LEP coincides completely with that of A-LEP precursor. Then two single substitutions, Ala526 to Ser and His630 to Asp, nine-residue substitutions at positions 645^653 and the subsequent 18-residues longer C-terminal extension were a novel structural feature of the Ls-LEP precursor distinct from the A-LEP counterpart. The ¢rst 20-residue peptide with two positive charges (Lys2 and Arg3) followed by a long hydrophobic sequence was assigned to signal peptide [33] Table 2 Sites of hydrolysis of peptides by Ls-LEP a a Hydrolysis of insulin chain B, glucagon, and amyloid L-protein with Ls-LEP was performed in 50 mM Tris^HCl bu¡er, pH 9.2, for 24 h at 30 ‡C at the enzyme-to-substrate ratio of 1:100 (mol/mol). The digested peptides were fractionated by high-performance liquid chromatography with a TSKgel octyl-80Ts (0.46U25 cm) and eluted with a linear gradient of 0^100% 2-propanol-acetonitrile (7:3 (v/v)) in 0.5% tri£uoroace-tic acid for 1 h at a £ow rate of 0.5 ml min 31 . The respective peptides were identi¢ed by amino acid composition and N-terminal amino acid sequence analyses. The molecular masses of the peptides were also con¢rmed by mass spectrometry. b Arrows indicate cleavage sites. by the method of von Heijne [34] . The amino acid sequence alignment between the Ls-LEP gene product and A-LEP precursor suggested that Ls-LEP is synthesized as a precursor consisting of pre-peptide (20 aa), pro-peptide (185 aa), mature Ls-LEP (268 aa), and C-terminal extension peptide (198 aa) placed in this order from the Nterminus.
Discussion
Lysyl endopeptidase has now been isolated from three bacteria in which A. lyticus [1] and L. enzymogenes [2] produce the same peptidase, A-LEP, that belongs to the trypsin family. A-LEP has been most studied structurally and enzymatically in detail [1,4^15] and successfully used as a sole potent lysine-speci¢c protease for either lysyl bond formation or cleavage [16^20]. However, low production by these two bacterial strains limits an extensive use of this enzyme in biotechnology. To overcome this drawback, we have screened other bacterial strains to obtain A-LEP or a new LEP(s) as potent as the latter. Lysobacter sp. IB-9374 is the strain that we ¢nally isolated after screening for s 30 000 sources. Surprisingly, the new strain produces the same LEP as A-LEP, yielding six-fold more lysyl endopeptidase (Fig. 1) . The mature Lysobacter sp. peptidase was eventually shown to be identical to A-LEP in all respects examined by structural and enzymatic analyses.
Sequence comparison in the peptide segments except mature enzyme revealed a small but critical di¡erence which is exclusively present in the C-terminal portion of active premature LEP (ap-LEP: mature LEP with C-terminal extension peptide). C-Terminal extension peptides of extracellular protease precursors are thought to be involved in secretion of the mature proteases through the outer membranes of Gram-negative bacteria [35] . To compare with active premature A-LEP (ap-A-LEP), this sequence di¡erence is divided into two peptide segments: one is Leu645^Val653 and another Asn654^Phe671. The former sequence can be aligned to the C-terminal nine residues of ap-A-LEP, which shows that the Leu645V al653 sequence is totally di¡erent from the Ala645Ĝ ly653 sequence in ap-A-LEP. In addition, the Asn654^P he671 segment is present only in ap-Ls-LEP and in neither ap-A-LEP nor ap-Le-LEP, leading to the hypothesis that these particular amino acid sequences are closely related to increase the production and/or secretion of ap-Ls-LEP and its precursor. If this were the case, the Leu645V al653 sequence alone or together with the Asn654P he671 sequence might increase the yield of active mature Ls-LEP in culture medium. In this respect, it is worth noting that the Leu645^Phe671 segment is highly homologous to certain segments of the C-terminal regions in secretory proteases from Gram-negative bacteria : Leu445^Phe471 in Dichelobacter nodosus extracellular basic protease [36] and Ser645^Glu671 in Shewanella serine protease [37] (Fig. 4) . To address whether the particular short stretch of the C-terminal sequence detected in the present investigation contributes to enhance Ls-LEP precursor production and/or ap-Ls-LEP secretion across the outer membrane, the establishment of an appropriate new host-vector system in microorganisms including Lysobacter and/or Achromobacter cells is necessary.
